Abstract Light pollution is considered a threat for biodiversity given the extent to which it can affect a vast number of behavioral and physiological processes in several species. This comes as no surprise as light is a fundamental, environmental cue through which organisms time their daily and seasonal activities, and alterations in the light environment have been found to affect profoundly the synchronization of the circadian clock, the endogenous mechanism that tracks and predicts variation in the external light/dark cycles. In this context, birds have been one of the most studied animal taxa, but our understanding of the effects of light pollution on the biological rhythms of avian species is mostly limited to behavioral responses. In order to understand which proximate mechanisms may be affected by artificial lights, we need an integrated perspective that focuses on light as a physiological signal, and especially on how photic information is perceived, decoded, and transmitted through the whole body. The aim of this review is to summarize the effects of light pollution on physiological and biochemical mechanisms that underlie changes in birds' behavior, highlighting the current gaps in our knowledge and proposing future research avenues.
Introduction
The last revision of the World Urbanization Prospects, published by the United Nations, has highlighted that more than 50 % of the human population now lives in cities (IUCN 2012) . Moreover, urban areas are one of the fastest growing land cover type, which substitutes natural as well as agricultural landscapes with artificial buildings, infrastructures, and anthropogenic stimuli such as light and noise. In particular, the presence of artificial lights is one of the most peculiar characteristics accompanying urban sprawl and more in general human domination of the Earth. In developed countries, very few places can be considered free of light pollution (Cinzano et al. 2000) . If the consequences for activities such as stargazing are evident (Falchi et al. 2011) , the same cannot be stated for wild organisms and the ecological systems they are part of. However, the last decade has seen a boost of interest into the ecological consequences of light pollution (Rich and Longcore 2006; Gaston et al. 2013) , which the symposium ''Light in the darkness: how does artificial night lighting influence bird behavior and ecology?'' at the 26th IOC in Tokyo, Japan, perfectly exemplifies.
In birds, besides collision with artificially lit structures (Longcore et al. 2013) , one of the most reported effects of light pollution is the shift in temporal behavior. Several studies have highlighted variation in daily as well as in seasonal rhythms of different bird species (Kempenaers et al. 2010; Nordt and Klenke 2013; Dominoni et al. 2014) , although other environmental stimuli proper of urban areas might have confounded these results. Recently, quasi-experimental approaches in the field (Titulaer et al. 2012; Da Silva et al. 2014) and controlled experiments under laboratory conditions (Schoech et al. 2013; Dominoni et al. 2013b) have tested specific hypotheses about the effects of light at night on the daily and seasonal cycles of birds, which have included investigations on the physiological mechanisms underpinning the temporal responses of birds to light at night. Because light is the most important synchronizer of the avian circadian clock (Berson et al. 2002) and a countless number of physiological process are under circadian control (Foster and Kreitzmann 2004) , changes in the light environment at night are likely to affect the expression of several biological functions. In this review, I will first stress the importance of light as physiological signal (Fig. 1) , by reviewing our knowledge of avian photoreception and non-visual encoding of light and by focusing on how light synchronizes circadian and seasonal rhythms. I will then summarize the evidence of changes in daily and seasonal organization of activities associated with light pollution, with a particular focus on the physiological pathways that have been found to be affected. Last, I will outline other physiological and molecular processes that are at present overlooked, but that could play a pivotal underlying role in the response of birds to light pollution.
Avian photoreception
Birds possess a wide range of photoreceptors located in several tissues, such as the retina of the eye, the brain, and the pineal gland. All of these photoreceptors use opsinbased photopigments to detect and transduce light. Opsins are a group of G protein-coupled receptors that can change their conformation from a resting state to a signalling state upon light absorption. Light stimulates the activation of the G protein, producing a signalling cascade known as phototransduction (Doyle and Menaker 2007) .
The best known photoreceptors are the rods and cones located in the retina [reviewed in (Peirson et al. 2009)] . Rods mediate visual response in dim light and are very sensitive to light stimuli, but provide low-resolution image forming. They contain a specific opsin Opn2, which is the best characterized vertebrate opsin. In contrast, cones are used to create images in bright light and are, therefore, less sensitive to small changes in light levels, but mediate the formation of very high resolution images. Cones operate through a separate opsin, Opn1, which comes in different subclasses depending on their spectral sensitivity. The information collected by rods and cones is processed by inner retinal neurons (retinal ganglion cells, RGCs) before reaching the brain through the optic nerve.
Few of these RGCs are also photosensitive, and are denoted as intrinsically photoreceptive retinal ganglion cells (ipRGCs). ipRGCs project to all major parts of the brain and are especially important for non-visual responses, such as the expression of circadian rhythms, although rods Other peripheral organs (daily rhythms) Fig. 1 How birds perceive and interpret light. In birds, photic information is captured by three different structures located in the skull, the retina, the pineal gland and the hypothalamus. Within each of these, different types of photoreceptors have been described. In the retina, two types of melanopsin, Opn4x, and Opn4 m receives light and project such information to the hypothalamus, where a circadian feedback loop of clock gene expression is synchronized depending on the external light:dark cycle. However, circadian rhythms are also regulated by the hormonal signals received by the pineal gland. The pineal contains its own photoreceptor, Pinopsin (P-opsin). Photic stimulation of such photoreceptor, usually by daylight, blocks the production of the hormone melatonin. Melatonin is in turn released at night and provides additional information to synchronize the hypothalamic circadian clock, an SCN-like structure that acts as central pacemaker. The hypothalamic clock does not just integrate circadian information, it contains another set of photoreceptors, termed VA-opsins, that are is directly sensitive to light and translates the photic signal into a cascade of neuropeptide and hormone production, which involves to a large extent the thyroid. This activates the hypothalamus-pituitary-gonadal axis which regulates gonadal growth and thus seasonal breeding. Recent findings suggest that melatonin could also play an important role in seasonal biology, mostly via regulating the seasonal growth of the song control systems (HVC, RA)
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and cones can also contribute to such responses. This specific set of ganglion cells decode light through the action of a particular opsin, melanopsin, termed Opn4 (Peirson et al. 2009; Lucas et al. 2014) . In contrast to mammals, birds possess two different subclasses of melanopsins, Opn4x and Opn4m (Bellingham et al. 2006) . The firing response of these photoreceptors increases depending on light irradiance, but melanopsins are much less photosensitive than rods and cones. That is, a higher threshold level of light intensity has to be reached to engage melanopsins. Melanopsin response peaks at 480 nm (Bellingham et al. 2006 ), but because non-visual responses to light are mediated not only by ipRGCs, but also by rod and cones, to describe the spectral sensitivity of such responses is not trivial. In mammals, it seems that circadian responses peak between 440 and 490 nm (Berson et al. 2002) , but such information is still missing from avian species.
Another important site of photoreception in avian species is the pineal gland. Indeed, conversely to mammals, where the pineal gland has a merely secretory role, but it is not photosensitive, the avian pineal contains its own photoreceptor, pinopsin (P-opsin), with a spectral peak between 460 and 470 nm (Max et al. 1995) . Because of its intrinsic sensitivity to light, the pineal gland plays a pivotal role in the regulation of avian circadian rhythms (Gwinner and Brandstätter 2001) .
Last, a set of deep-brain photoreceptors has been recently characterized in chickens. Although the existence of such photoreceptors was long suggested, their structure and property were still elusive. Vertebrate-ancient (VA) opsin has now been found in the chicken hypothalamus, with an action spectra that peaks at *460 nm Davies et al. 2012) . These photoreceptors seem to be involved in the regulation of seasonal biology and explain why early studies found that blinded birds were still able to undergo complete seasonal rhythms of gonadal growth and regression.
Light and circadian rhythms
The rhythms of life on Earth are regulated by sunlight. Almost all organisms on our planet synchronize their daily activities based on the information provided by the sun (Foster and Kreitzmann 2004) . Some have evolved to be diurnal, some nocturnal, and some others have learned to exploit the twilight phases that separate day and night. In order to maximize fitness and, therefore, to adapt to the environment in which they live, all organisms have to ensure to be active at the right time during 24 h in order to find food and minimize the risk of predation. As a matter of fact, there is striking convergence between daily cycles of light and darkness and an animal's activity patterns, of which birds are among the best examples (Aschoff and von Goetz 1989) . However, organisms do not just respond to external light stimuli, but they have evolved an endogenous mechanism, called the circadian rhythm, that helps them to track temporal changes in the light environment and anticipate these changes when needed. A key feature that defines circadian rhythms and distinguishes them from other rhythmic processes is that they persist under constant light conditions (normally constant darkness or constant dim light) (Aschoff 1984) . That is, if an animal is deprived of any information about what time of the day is, it will still express clear rhythms of behavior, physiology, and biochemical processes. However, these rhythms will not exactly be of 24 h, and that is why they are called circadian (circa = approximately, dian = a day). In a similar way, circannual rhythms represent the endogenous organization of annual cycles (Gwinner 1986) . Birds have been very important models for the study of circannual rhythmicity, and although the proximate mechanisms that regulate these cycles are still very elusive, birds offer some of the best examples of circannual rhythms studied so far (Gwinner 2003) . These endogenously produced rhythms mean little if they are not synchronized, or entrained, to the external environment. In most taxa, including birds, light is the most potent synchronizer of circadian and circannual rhythms. But how does light tune the internal rhythms of birds?
As I highlighted in the previous section, birds possess a variety of photoreceptors that are involved in circadian timing. In particular, the eyes, the hypothalamus, and the pineal gland are three independent structures that are sensitive to light and that are involved in the expression and regulation of circadian rhythms. Because of this, the circadian system of birds is more complex compared to that of mammals, which, however, has been much better characterized. The greatest difference is in the degree of involvement of the separate components of the circadian systems. In mammals, the master circadian clock is located in a specific set of cells of the hypothalamus, the suprachiasmatic nuclei (SCN) (Menaker et al. 1997) , which receives light stimuli from a subset of ganglion cells called ipRGCs (see above) (Berson et al. 2002) , while the pineal gland is less involved in circadian timing. In birds, nonvisual light stimuli are mainly received in the retina, the hypothalamus (via the retinal hypothalamic tract, RHT), and in the pineal gland (Gwinner and Brandstätter 2001) . At present, it is still unclear how this information is integrated between the different components of the avian central circadian system (Cassone 2013 ), but it is evident that the pineal gland plays a much bigger role than it does in mammals. One model, the ''neuroendocrine loop'', suggested that the retina, pineal gland, and an SCN-like structure in the hypothalamus all contain ''damped'' oscillators that are capable of self-producing oscillation only if photic or endocrine stimuli are present (Cassone and Menaker 1984) . Instead, the ''internal-resonance'' model proposed that the pineal gland and the SCN sustain and stabilize each other through the expression of independent circadian outputs, such as the cyclic expression of specific clock genes in the SCN and the release of melatonin from the pineal gland (Gwinner 1989) . Communication between the SCN and peripheral clocks in birds is accomplished via a combination of humoral signals and direct neural connections, which are far less understood in birds than in mammals (Cassone 2013) . Humoral signals directly affect hypothalamic function, while neural outputs project to the central nervous systems and peripheral sites, impacting a broad range of peripheral physiological functions, including that of the pineal gland. The pineal gland acts as a key site of light signal transduction, transforming photic information into a diffusible signal via the production and secretion of melatonin directly into the blood and cerebrospinal fluid (Gwinner et al. 1997) . The pineal gland releases melatonin at night, but its production is suppressed during the day by sunlight, conferring melatonin an important role as master circadian hormone. In addition, tissues that express melatonin receptors, such as the song control system (see below), are directly affected by changes in melatonin secretion (Cassone et al. 2009 ).
The molecular mechanisms governing the expression of avian circadian rhythms are much less understood in birds than in mammals. In mammals, light stimulation of nonvisual photoreceptors results in excitatory signaling to the SCN where a transcriptional-translational feedback loop in gene expression is initiated (Dunlap 1999) . Clock and Bmal1 protein products form a heterodimer that binds the promoters of Per and Cry to enhance their transcription. The protein products, PER and CRY, then form heterodimers in the cytoplasm that translocate back into the nucleus to interact with the CLOCK:BMAL1 complex to inhibit their own transcription. This results in ''positive'' (Clock and Bmal1) and ''negative'' (Per and Cry) arms of the circadian feedback loop, which reciprocally operate with a period of *24 h. This feedback loop is expressed in most cells throughout the body, although phase differences do occur (Storch et al. 2002) . Orthologs of mammalian clock genes have been identified in birds and investigations within the avian hypothalamus have characterized rhythms in circadian gene expression that persist under constant conditions, similar to mammals (Abraham et al. 2003) . Recently, functional genomic analyses of the chicken retina and pineal gland highlighted that the temporal expression of clock genes varies between these two organs (Bailey et al. 2004; Karaganis et al. 2008) . In particular, the retina seems to lack a CLOCK rhythm. These studies have highlighted inconsistencies between the avian and mammalian model of circadian genes expression, which call for further studies into the molecular basis of avian circadian rhythms.
The proximate mechanisms underlying avian seasonal biology While our knowledge of the circadian system of birds has made great steps forwards in the last two decades, insights into how avian circannual and annual rhythms are regulated is still very vague. Early pioneering studies have demonstrated persisting rhythms of annual events in birds kept under constant light conditions for years (Gwinner 1986 ). At present, while birds remain one great model system to investigate circannual rhythms, we understand very little about the physiological and molecular mechanisms that underlie avian circannual rhythmicity (but see Wikelski et al. 2008 ). On top of this uncertainty, the regulation of annual cycles has also been quite a mystery, at least until the end of the last century. In the last two decades, however, significant advances in our understanding of how (1) photic information is integrated for seasonal reproduction and (2) the role of melatonin in annual cycles, have clarified some of this uncertainty.
As suggested by early studies, birds do not need eyes to develop a reproductive state, suggesting that the photoreceptors involved in seasonal biology are located elsewhere (Rowan 1938) . This location has remained a mystery for a long time, but a recent study has finally identified vertebrate-ancient (VA) opsins as photoreceptors in the deep brain ). These opsins have an action spectrum that peaks around 460 nm, in accordance with the results from previous works that have investigated the wavelength of light at which avian photoperiodic response is maximal (Foster et al. 1985) . These deep brain photoreceptors project to a set of cells called pars tuberalis, where thyrotropin (TSH) is produced in response to lengthening days, which in turn stimulates the release of thyroid hormones and neurohormones into the hypothalamus, and consequent activation of the hypothalamus-pituitary-gonadal (HPG) axis (Wyse and Hazlerigg 2009) .
Another aspect of avian seasonal biology that has long remained elusive is the role of melatonin in seasonal reproduction. While in mammals melatonin provides a representation of daylength that is used to stimulate reproductive growth and regression (Arendt 1998) , experiments conducted in birds have always failed to reveal a direct involvement of melatonin in the stimulation of gonadal growth (reviewed in Bentley 2001) . However, in the last two decades melatonin has been suggested to affect seasonal breeding in at least three ways, all of which sees the S412 J Ornithol (2015) 156 (Suppl 1):S409-S418 participation of the same thyroid-dependent mechanism mentioned above. First, melatonin can stimulate cell-mediated immune responses typical of winter, while increasing daylength dampens the immune system during reproduction (Bentley et al. 1998) . Second, melatonin can directly affect the plasticity of the avian song control system (Bentley et al. 1999; Cassone et al. 2008 ). In particular, melatonin receptors have been identified in the forebrain song control nucleus, Area X. These melatonin receptors are downregulated during breeding and upregulated in winter, when they are stimulated by increasing daylength (Bentley et al. 1999) . Last, melatonin has been shown to stimulate the release of gonadotropic-inhibitory hormone (GnIH) from the avian hypothalamus, a process that inhibits seasonal breeding (Tsutsui et al. 2006) . All together, these results indicate that melatonin can still play an important role in the regulation of avian reproduction. As melatonin release from the pineal gland is directly dependent on light intensity, increasing daylength in spring have a strong effect on melatonin production and, therefore, indirectly, on reproductive state.
Light pollution and daily cycles
The modification of birds' daily rhythms is one of the most known ecological effects of light pollution. Several songbird species have been found to modify their time of singing in light polluted areas in different geographical regions. The effect is strongest for some naturally early singing species: European robin (Erithacus rubecola) (Fuller et al. 2007; Kempenaers et al. 2010; Da Silva et al. 2014) , American robin (Turdus migratorius) (Miller 2006) , Common blackbird (Turdus merula) (Kempenaers et al. 2010; Dominoni et al. 2014; Da Silva et al. 2014) , and Great tit (Parus major) (Kempenaers et al. 2010; Da Silva et al. 2014 ). These species sometimes sing truly at night. The effects are more moderate in other species, such as the song thrush (Turdus philomelos) (Da Silva et al. 2014 ) and the Blue tit (Cyanistes caeruleus) (Kempenaers et al. 2010; Da Silva et al. 2014) . While all of them have reported an earlier onset of dawn song, few have also shown a later offset of activity in the evening (Dominoni et al. 2014; Da Silva et al. 2014 ) and even singing behavior in the middle of the night (Fuller et al. 2007) . However, these studies were limited in the sense that they have reported only the time at which the first (or last) active event (singing or locomotor activity) was heard from a particular individual and/or species, but information of their activity patterns throughout the 24 h is largely lacking. A study that manipulated nocturnal light levels by placing LED lights on top of great tits' nest boxes revealed that chick provisioning rhythms were affected by the light treatment (Titulaer et al. 2012) . Interestingly enough, this manipulation failed to affect the onset and offset of daily activity, although the experiment did not record dawn and dusk song, but rather dealt with start and end of foraging in great tits, which usually occur after sunrise and before sunset (i.e. at very high levels of natural light), and used an LED light of weak intensity. Although these studies are very informative, most of them are biased by the presence of other environmental factors that covary with light pollution in the city, such as noise, anthropogenic food supply, and temperature. Only a few studies have tried to overcome this limitation in the field to at least separate the effects of noise and light, while controlling for ambient temperature (Kempenaers et al. 2010; Da Silva et al. 2014) . These have shown that light pollution can clearly alter the onset and offset of daily singing in a variety of species, and that the annual development of dawn and dusk chorus is accelerated under artificial lights . In addition, Kempenaers and colleagues have demonstrated that artificial lights not only advance dawn song in the blue tit, but early singing associated with lights was positively correlated with the amount of extra-pair offspring that males were able to sire, hinting at potential reproductive consequences of light pollution (Kempenaers et al. 2010) . Recent studies from the same group have expanded this previous work, showing that females advanced their morning onset of activity during the breeding season when their nestboxes were artificially illuminated .
Laboratory studies have experimentally demonstrated that light at night is a major source of modification of daily activity patterns, independently of any other environmental factor. For instance, my own work has shown that male European blackbirds captured from urban and rural locations strongly advanced their onset of morning activity when exposed to realistic levels of light intensity at night (0.3 lux) in captivity (Dominoni et al. 2013b ). The effect size of this manipulation was approximately 2 h of advanced dawn song in the morning, an effect that explains most of the variation observed in the field. The limitation of this study was that the measurements of dawn song were based on only on 12 data points, i.e. 1 day per month during 6 months, with one measurement being carried out in the lighted room and the other one in the dark room. This result may, therefore, strongly be influenced by the presence of just one very early singer in the lighted room. However, in a subsequent work, I have shown that the early morning activity in captive blackbirds during the breeding season was related at the individual level to the plasma concentration of melatonin. Indeed, light at night suppressed melatonin levels in the morning, and this change was associated with earlier onset of individual activity (Dominoni et al. 2013c) . A similar study has tested the effect of low levels of light at night (0.3 lux) on the melatonin profiles of Florida scrub-jays (Aphelocoma coerulescens), but has surprisingly shown opposite results compared to my work on blackbirds: jays that were exposed to light at night showed higher levels of melatonin than animals exposed to normal light:dark cycles (Schoech et al. 2013) . Future studies should try to explore the relationship between light intensity and physiology, especially melatonin, in the wild. In this context, recently established experimental facilities in the field can definitely add important perspectives to the research done so far (Spoelstra et al. 2015) .
Studies on the ecological effects of light pollution have traditionally measured average light intensity from limited locations within the area of study. Although these measurements give an indication of the overall brightness of the area where animals live, they provide little information about the relationship between light and activity at the individual level. My research on European blackbirds has tried to overcome this limitation by placing micro light loggers on the backs of individual birds, while at the same time using automated radio-telemetry to infer the activity patterns of the same animals. Surprisingly, the amount of light intensity that blackbirds are exposed to in the urban study site were very low (0.2 lux) compared to what I measured underneath the street lamps present in the same area (6 lux) (Dominoni et al. 2013b ). This might suggest that blackbirds actively choose to roost in dark areas, while exploiting the presence of artificial lights in the late evening and early morning. Indeed, the individual exposure to light at night was related to the onset and offset of activity in the morning and evening: the more an animal was subjected to light pollution, the more it tended to extend its activity period into the night (Dominoni et al. 2014) . A subsequent analysis of the same dataset has investigated whether blackbirds in the city are exposed to a longer day length than forest conspecifics. I used the data on the onset and offset of activity to calculate light-intensity thresholds that defined the onset and offset of the subjective (or perceived) day for all birds, and then applied the thresholds to the light intensity time-series of each individual bird to examine when these thresholds were passed in the morning and evening. This analysis revealed that urban blackbirds are exposed on average to a 49 min longer daylength than birds living in nearby forest areas, a result that conforms to the average extended activity time found in the same birds (Dominoni and Partecke 2015) .
Light pollution and annual cycles
An ample body of evidence has suggested that several bird species advance their timing of reproduction in relation to urbanization. Some studies have investigated changes in reproductive physiology, although shifts in egg-laying date were mostly reported (Chamberlain et al. 2009; Deviche and Davies 2013) .
In the USA, Florida scrub-jays and desert species such as Albert's towhee (Melozone aberti) and Curve-billed thrasher (Toxostoma curvirostre) have been widely studied. In Europe, European blackbirds are one of the best examples of advanced reproductive physiology following urbanization. In these study species, reproductive physiology (gonadal development and reproductive hormones) have been found to peak a few weeks earlier in urban areas (Deviche and Davies 2013) . Obviously, this tells little about the environmental factors driving such phenological shifts. Follow-up experiments on the Florida scrub-jays have suggested availability of anthropogenic food source (Schoech et al. 2004 ) as well as reduced stress (corticosterone levels in the plasma) (Schoech et al. 2009 ) in suburban jays as two potential mechanisms underlying early breeding in this population compared to wildland ones. In European blackbirds, I used the same aforementioned experimental set-up in the laboratory to test not only whether light pollution advances daily cycles of activity, but also its effects on the reproductive physiology. During the first reproductive year, blackbirds exposed to light at night developed their gonads 3 weeks earlier than birds held under dark nights. This difference was mirrored by an earlier peak in plasma testosterone levels and by an earlier onset of molt at the end of gonadal regression (Dominoni et al. 2013b ). Unfortunately, the physiological mechanism behind such effect is still elusive. A possible link could be a reduction in melatonin due to light at night, but unfortunately melatonin was only measured during the second reproductive year, when birds exposed to light at night did not show any reproductive function. Indeed, in the second year of this study blackbirds held under light at night failed to develop their gonads, testosterone levels were at their baseline, and molt was interrupted (Dominoni et al. 2013d) . It is possible that constant, chronic levels of dim light at night ''trapped'' blackbirds into a photorefractory state after the first gonadal cycle, but this hypothesis remains untested. As for the onset of dawn song, this light stimulation was able to explain most of the variation in timing of gonadal growth observed between rural and urban blackbirds in the wild (Partecke et al. 2005) . It remains to be established, however, the exact physiological system upon which light at night may act in order to accelerate reproductive growth.
These findings on the physiology of reproduction accompany, although not always conform to, changes in egg-laying date. Indeed, several species, especially in Europe, have been shown to advance lay date in urban and suburban areas (Chamberlain et al. 2009; Deviche and Davies 2013) . However, at present, only two studies tested the hypothesis that these shifts in lay date are caused by light pollution. Kempenaers and collaborators have shown a 2-day advance in lay date in blue tits that occupied territories closed to street lamps (Kempenaers et al. 2010 ). More recently, De Jong and colleagues experimentally altered light levels in eight forests across the Netherlands and showed a 5-day advanced in laying date of great tits (De Jong et al. 2015) . The temporal discrepancy found between the effects of light at night on reproductive physiology and laying date suggests that while reproductive physiology of temperate avian species is mostly modulated by light (Dawson et al. 2001) , and thus light pollution can have a stronger effect on it, laying date is a complex life-history decision that is regulated not only by photoperiod, but also by factors that reflect more the current environmental conditions, such as temperature and food abundance (Caro et al. 2013) . A recent captive study on the relationship between gonadal growth and egg-laying date has shown very weak correlation between the two variables, highlighting that these are independent mechanisms that can be differentially affected by artificial lights (Schaper et al. 2012) . It remains to be established how light at night affects reproductive timing. A likely mechanism is the stimulation of deepbrain photoreceptors (see above). As such receptors are more sensitive to wavelengths of light around the blue spectrum (Davies et al. 2012) , artificial lights that are rich in these wavelengths are likely to have a stronger impact on the reproductive physiology of birds. Indeed, the same experiment from De Jong and collaborators cited above has also suggested that lay-date is less affected by the long wavelengths of red LED lights compared to blue and green LEDs (De Jong et al. 2015) . Future studies should investigate this issue further, as their results could provide important scientific knowledge upon which to call for a re-assessment of the potential impact of different light sources on birds and more in general on wildlife, which will have great relevance for future policy-making strategies.
As for the effects of light pollution on daily cycles, we have a limited understanding of the fitness consequences of the phenological shifts recorded in birds breeding under artificial lights (but see De Jong et al. 2015) . While early breeders are found to benefit from early access to better territories and food resources, this hypothesis is still largely untested in the context of light pollution. In addition, potential physiological costs may arise as a consequence of growing the reproductive system, an energetically expensive process, particularly when external conditions are still not optimal (Thomas et al. 2001; Metcalfe and Monaghan 2013) .
Future directions The molecular ecology of light pollution
In mammals, large parts of the genome are regulated in a circadian fashion. Indeed, around 10 % of the genes show a circadian rhythm of expression . Such effects are mirrored by the circadian nature of many biochemical, physiological and behavioral processes, demonstrated in humans and model rodent species (Panda et al. 2002; Dallmann et al. 2012; Patel et al. 2012; Azzi et al. 2014) . The molecular clockwork is well described in mammal species, and so is the integration of non-visual photic information by photoreceptors in the inner retina. Such detailed description of the mammalian circadian system has helped researchers interested in the effects of light pollution to predict the pathways through which light at night may affect circadian rhythms in mammals (Fonken and Nelson 2014) . For instance, as the expression of the negative clock gene Per is normally low at night, light administered during the subjective night should significantly alter the pattern of Per expression and consequently affect other components of the circadian clock. Dim light at night (*5 lux) has been shown to alter circadian clock gene expression of mice (Fonken et al. 2013a; Fonken and Nelson 2014) and Siberian hamsters (Bedrosian et al. 2013) , including Bmal1, Per1, Per2, Cry1, Cry2, and Rev-Erb. These effects have been reported in both the SCN and the liver, with the latter associated with increased body weight independently of daily caloric intake (Fonken et al. 2013a) .
In comparison to mammals, we know very little about the molecular mechanisms underpinning circadian rhythms in birds, although few studies and reviews have identified both similarities and differences (Bell-Pedersen et al. 2005) . The widespread evidence that light at night can directly alter the expression of several clock genes in mammals calls for similar studies in wild birds. A recent work of mine has related variation in daily timing in citydwelling European blackbirds to the properties of the underlying circadian clock, which was shown to be faster but also more disrupted in urban areas (Dominoni et al. 2013a) . As circadian disruption has been linked to impaired metabolic functions related to health (for instance, increase in body weight), there is an impelling need to understand whether similar effects are also found in birds, and how they might relate to other physiological processes that cross-talk with the circadian system. For instance, the immune system is a good candidate. The ability of animals, including birds, to respond to external parasites and pathogens greatly depends on the time of day. When circadian rhythms are disrupted, several immune responses become dampened (Arjona et al. 2012) . Indeed, a number of studies on rodents have suggested that exposure to light at night is capable of reducing both innate and acquired immunity (Bedrosian et al. 2011; Fonken et al. 2012 Fonken et al. , 2013b . However, nothing is known about the effects of light at night on the immune system of wild birds, and this seems to be a promising research avenue.
Artificial lights and sleep
At present, a largely overlooked aspect about the effects of light pollution on biological rhythms of birds is sleep. Sleep is a fundamental process of all organisms, and although its adaptive function is still largely elusive, recent findings suggest that sleep plays a vital role in ''cleaning up'' the brain from toxic metabolites accumulated during the active period (Xie et al. 2013) . Because circadian rhythm, sleep, and light are deeply interconnected, light pollution may potentially have strong effects on sleep patterns of wild birds, as suggested by studies on humans (Archer et al. 2014) . At present, however, we only have indirect estimates of such effects. The widespread evidence that light pollution can extend activity into the true night may suggest that sleep duration is reduced under light at night, but this might be compensated via more resting periods during the day. However, this disrupted pattern of sleep could resemble sleep properties of shift-workers and jet-lag, both of which have been associated with physiological and psychological side-effects (Rajaratnam and Arendt 2001; Kantermann et al. 2010 ). This hypothesis is of course largely speculative in the context of free-living birds, but studying sleep in the wild is a novel and promising research avenue, as highlighted by recent papers that have used state-of-the-art tools to record EEG on wild birds (Rattenborg et al. 2008; Lesku et al. 2012 ). It will be extremely interesting to apply such approaches to the study of urban birds and the effects of light pollution on their sleep behavior.
Conclusions
With the increasing body of work on the effects of light pollution on birds, it is becoming evident that several temporal aspects of physiology and behavior can be altered by artificial lights. While the proximate mechanisms underlying such effects are largely studied in humans and model rodent species, only a few studies have examined the mechanisms underpinning the effects of light at night on birds. To fill this gap, laboratory studies undoubtedly have benefits, as they allow an experimental approach limiting several biases that may arise from field investigations. However, it is also very important to understand whether the same proximate effects of light pollution are found in wild living birds, because that is where natural selection acts and thus where we can measure the real impact of artificial lights. I see the integration of controlled laboratory experiments and experimental manipulations of nightlight levels in the wild as the way forward that will allow us to understand not only the mechanisms through which light pollution affects the behaviour of wild birds, but also its ecological and fitness consequences.
